Abstract: SBA15 supported transition metal phosphides Ni 2 P/SBA15 and WP/SBA15 have been identified as promising adsorbents especially for removing neutral nitrogencontaining compounds. Adsorption of model nitrogen-and sulfur-containing compounds as well as light cycled oil (LCO) was performed and applied for the evaluation of kinetics and isotherms. The pseudo second-order kinetic model was well fitted to both nitrogen and sulfur adsorption data. Molecular size of the adsorbates plays an important role in the adsorption. Despite of higher initial adsorption rates, the adsorption capacities for carbazole and DBT were lower than those for indole and quinoline due to their larger molecular size. Monolayer adsorption was observed for quinoline due to the acid-base interaction between the basic nitrogen adsorbate and the weak acidic support. The Freundlich model was suitable in describing the adsorption of nitrogen-and sulfur-containing compounds from LCO. Cooperative adsorption took place when replacing the model compound DBT by the sulfur-containing compounds in LCO.
Introduction
Deep desulfurization of fuels has drawn extensive attention worldwide due to increasingly stringent regulations for fuel specifications. There are different types of nitrogen-and sulfur-containing compounds in diesel fuels. Some of them are easy to eliminate by the conventional hydrotreating process while heterocyclic nitrogen-and sulfur-containing compounds such as indole, carbazole, acridine, benzothiophene (BT), dibenzothiophene (DBT) are difficult to remove. The slow reaction rate of the nitrogen-containing compounds (NCCs) lowers the efficiency of the hydrodesulfurization (HDS) process as the NCCs tend to retain on the active sites of catalysts for longer period so as to inhibit the activity of catalysts. Moreover, ammonia, a byproduct of hydrodenitrogenation, is also a poison for HDS catalysts. Reduction of NCCs in the middle-distillate feed can significantly improve the efficiency of deep-desulfurization process.
One of the solutions is to remove the NCCs by adsorption at ambient temperature and pressure prior to the HDS process. Adsorptive denitrogenation has gained attention due to its low operating cost. Developing an effective adsorbent to selectively remove nitrogen compounds is a challenge (Kwon et al. 2008) . Attempts have been made to develop adsorbents for denitrogenation as well as desulfurization and their performance was evaluated in both model and commercial diesel oils. Different types of adsorbents such as metal-based materials, zeolite-based materials, activated carbon and activated alumina have been applied to remove NCCs from model diesel fuel as well as commercial diesel oil ( Our previous work reported a novel SBA15 supported transition metal phosphide Ni 2 P/SBA15 which can effectively remove sulfur-and nitrogen-containing compounds from a commercial diesel fraction, light cycled oil (LCO) (Shahriar, Lin, and Zheng 2012). However, the adsorption mechanism of transition metal phosphide adsorbents has not been studied. In this work, SBA15 supported transition metal phosphides Ni 2 P/SBA15 and WP/SBA15 were adopted to remove sulfur-and nitrogen-containing compounds and the adsorptive mechanisms were also investigated.
Experimental
Mesoporous SBA15 was synthesized by sol-gel method (Araujo and Quintella 2009). Tetraethyl orthosilicate (TEOS), triblock co-polymer Pluronic P123 and hydrochloric acid, which were purchased form Sigma Aldrich and used as received, were employed as silica precursor, template and acidulate, respectively. Water was the solvent. The molar ratio of 1.0 TEOS: 0.017 P123: 5.7 HCl: 193 H 2 O was adopted to synthesize mesoporous SBA15. Metals were uploaded using the urea matrix combustion method (Cortés et al. 2005) . A urea to metal molar ratio of 1:1 was used. The loading of Ni was 7 wt% with the Ni to P ratio of 1:2, and that of W was 15.5 wt% with the W to P ratio of 1:1. Required amounts of metal, phosphorous precursors and urea were dissolved in water which amount was twice as much as the total weight of precursors and urea. A few drops of concentrated nitric acid were added. Then the metal phosphate solution was poured to the pre-prepared SBA15 and mixed well. The mixture was then dried at 50°C for 3 h and subsequently calcined at 500°C for 10 min in air. The calcined samples were reduced in H 2 flow of 10 mL/min at 570°C and 620°C consecutively for 5 h. A heating rate of 3°C/min was employed.
Model diesel fuels containing single nitrogen-or sulfur-containing compound were used to study the kinetics and isotherm of adsorption. Indole, carbazole and quinoline reperesent nitrogen compounds and DBT for sulfur compound. 500 ppmw nitrogen (N) or sulfur (S) in dodecane was used in the kinetic study. For the isotherm study, model oils of different nitrogen or sulfur concentrations were prepared by indole, quinoline, carbazole or DBT in dodecane. The concentrations of original model oils were 1,000 ppmw N for indole and quinoline, 500 ppmw N for carbazole and 5,000 ppmw S for DBT. Lower concentration of carbazole was used due to its low solubility in dodecane. LCO was also used as feed and its compositions are listed in Table 1 . Original model oils and LCO were diluted by dodecane in different ratios to perform the isotherm study.
Batch mode adsorption was carried out at ambient temperature and atmospheric pressure for 24 h to reach the equilibrium. Oil to adsorbent weight ratio of 30 was used for all the runs. The total nitrogen and sulfur contents in model oils and LCO were measured by ANTEK NS 9000 with the detectable limits ranging from 50 ppbw to 17 wt% for nitrogen and 40 ppbw to 40 wt% for sulfur.
3 Results and discussion
Batch adsorption
Adsorptive denitrogenation and desulfurization of model nitrogen-and sulfur-containing compounds as well as LCO were performed for both Ni 2 P/SBA15 and WP/SBA15 in batch mode. 500 ppmw N was set for individual nitrogen compounds in model oils, and 1,000 ppmw S was used for DBT. Results are shown in Figure 1 (A). The adsorptive capacity for indole is higher than that for quinoline for both adsorbents. This is a remarkable achievement because these metal phosphide adsorbents demonstrate exceptional ability to adsorb neutral nitrogen compound (indole), instead of the basic quinoline. As indole is replaced by carbazole, the adsorptive capacities of both adsorbents show an enormous drop, which indicates that the two sorbent materials are sensitive to the molecular size of adsorbates. The adsorption capacities for DBT, which is an analogue to carbazole in molecular structure, are also relatively low.
Light cycled oil was then examined as a feed using both adsorbents. The LCO used in this work, contains mostly indole, carbazole and their derivatives for NCCs, and BT, DBT and their derivatives for sulfur-containing compounds (SCCs) (Han, Lin, and Zheng 2014). Figure 1 (B) shows the adsorption performance of Ni 2 P/SBA15 and WP/SBA15 for nitrogen-and sulfur-containing compounds. The absolute adsorptive capacities of the sorbent materials for SCCs appear to be about 27 % higher than those for NCCs, which is similar to the case of modal compounds carbazole and DBT ( Figure 1 (A)). When taking the total contents of NCCs and SCCs in LCO into account, the removal percentages of nitrogen and sulfur can be calculated. Ni 2 P/SBA15 and WP/SBA15 were found to remove 62 % and 51 % of NCCs from LCO, respectively. However, the removal percentages for SCCs were only 1/3 those for NCCs. As a result, it is reasonable to consider that the two sorbent materials have a good adsorptive selectivity to NCCs.
Adsorption kinetics 3.2.1 Kinetics of model compounds
Kinetics of model oils comprising of single nitrogen-or sulfur-containing compound (500 ppmw N or S) were evaluated in batch mode. Figure 2 shows the effect of contact time on the adsorption of nitrogen-or sulfurcontaining compounds. The adsorption of model nitrogen-and sulfur-containing compounds has reached its saturation limit within a very short period of time (shorter than 10 min). One may also note that the adsorptive capacities of indole and quinoline, both of which contain two rings in their structure, are higher than those of carbazole and DBT, which contain three rings in their structure. This result evidences that molecular structure plays an important role in adsorption.
The kinetics of the adsorption on Ni 2 P/SBA15 and WP/SBA15 were evaluated using Lagergren first-order and pseudo second-order kinetic models which are shown as below (Han, Lin, and Zheng 2015a, 2015b): 
where q (mg/g) is the adsorbed amount at time t (h), q e (mg/g) is the equilibrium capacity, and k is a constant (h -1 for first-order kinetics and g/mg/h for second-order kinetics). Solving differential equations (eqs (1) and (2)) with boundary conditions t = 0 to t = t and q = 0 to q = q gives:
ln q e − q ð Þ= ln q e − kt (3)
In eq. (4) kq e 2 is the initial adsorption rate at the time approaching t = 0. A plot of ln(q e -q) versus time t will give a straight line with a negative slope, if the adsorption obeys the first-order kinetics. The theoretical equilibrium capacity q e and rate constant k can be calculated from the intercept and slope, respectively. Similarly, a plot of t/q versus time t will give a straight line with a positive slope, if the adsorption obeys the second-order kinetics. The theoretical equilibrium capacity q e and rate constant k can be calculated from the slope and intercept of the plot, respectively. The adsorption data were fitted to the Lagergren firstorder model and pseudo second-order kinetic model. The values of theoretical equilibrium capacity, rate constant and correlation factor for Ni 2 P/SBA15 and WP/SBA15 were calculated, and the results are summarized in Tables 2  and 3 . The adsorption data of both adsorbents fit the pseudo second-order model perfectly, with all the correlation factors (R 2 ) close to unity. On the other hand, the R 2 values of most nitrogen and sulfur compounds for the Lagergren first-order model are far off from unity for both adsorbents. In addition, the pseudo second-order kinetic model is used to describe a chemisorption (Ho and McKay 1998), which herein is embodied a coordination effect between the π-symmetry lone pair orbital on the heteroatoms (N and S) and the d-orbitals of transition metals (Ni and W) (Fulton et al. 2002) . Therefore, the pseudo second-order kinetic model better describes the adsorption of nitrogen and sulfur compounds than the Lagergren first-order model. The theoretical equilibrium capacities predicted by the pseudo second-order model indicate that both Ni 2 P/SBA15 and WP/SBA15 favour the adsorption of quinoline and indole, which matches the experimental results ( Figure 1(A) ). In addition, compared to quinoline and indole, carbazole and DBT have higher second-order rate constants. However, their larger molecular size limits the access to adsorptive sites, leading to lower capacities.
Kinetics of LCO
Kinetic study of model compounds gives an idea about the mass transfer rate regarding to the adsorption of individual model compound in a very ideal condition, which may not represent the kinetics in a real situation. Thus, the kinetic study of LCO was performed to observe the rate of mass transfer with respect to the adsorption in Figure 3 ). Fast adsorption is observed except the adsorption of sulfur on Ni 2 P/ SBA15. In addition, one can see that the concentration gradient reduces as adsorption proceeds. Concentration gradient is considered as an important factor that influences the adsorption process. As the concentration gradient decreases, the repulsion force between the adsorbates in liquid phase and on the surface of adsorbents becomes stronger until repulsion and adsorption reach balanced. Figure 4 shows the equilibrium adsorption capacities of the adsorbents as a function of the initial concentrations of adsorbates. Capacity is found to increase with the increase of initial concentration, regardless of adsorbents and adsorbates. Therefore, greater concentration gradient can enforce more adsorbates to be adsorbed on the sorbent material, which is a clear evidence of the concentration gradient as a driving force.
LCO was assumed to be an oil containing only one nitrogen or sulfur contaminant to fit the kinetic models. Both Lagergren first-order and pseudo second-order models were evaluated and the fitting results are shown in Table 4 . The pseudo second-order model presents better results than the first-order kinetics except the adsorption of NCCs on Ni 2 P/SBA15. One may also note that the theoretical adsorption capacity and the initial adsorption rate of SCCs are higher than those of NCCs. This may be attributed to the high initial concentration of SCCs in LCO, i. e., higher concentration gradient leads to faster rate of adsorption of SCCs.
Adsorption isotherm
Study of adsorption isotherm provides fundamental physicochemical data for evaluating the adsorption capacity of an adsorbent (Chen, Zhang, and Chen 2010) as well as the type of adsorption. The Langmuir and Freundlich isotherms are the two most widely used isotherms to describe an adsorption process. The Langmuir isotherm, which assumes the presence of an adsorbate monolayer on a homogeneous adsorbent surface (Cunha et al. 2010) , is defined by eq. (5):
where, q m (mg/g) is the monolayer coverage and K L (kg/ mg) is a constant related to the free energy of adsorption which is reciprocal of concentration. The higher the value of K L , the higher the adsorption affinity between adsorbate and adsorbent (Cortés et al. 2005 ). The Freundlich isotherm considers that the adsorption occurs on multilayers, and is useful to describe the systems that have heterogeneous surfaces (Cunha et al. 2010 ). The Freundlich isotherm is defined by eq. (6):
where, K f {(mg/g)(kg/mg) 1/n } and 1/n indicate the adsorption capacity and the adsorption intensity, respectively. The value of "1/n" depends on the nature and strength of adsorption, and indicates the relative distribution of energy sites. The larger the value of K f and the smaller the value of 1/n, the more effective the adsorbent for adsorption (Pal et al. 2006 ). The Langmuir and Freundlich models were fitted to the adsorption of indole, carbazole, quinoline and DBT onto Ni 2 P/SBA15 and WP/SBA15. The statistical analysis of the isotherm modelling is shown in Table 5 . The adsorption of quinoline onto both sorbent materials obeys the Langmir isotherm. Therefore, monolayer adsorption dominates the adsorption of quinoline onto Ni 2 P/SBA15 and WP/SBA15, which is probably due to the acid-base interaction between the basic quinoline and the weak acidic oxide SBA15. Both Freundlich and Langmuir models show reasonably good prediction for the adsorption of DBT. Similar results are observed for the adsorption of indole or carbazole, except for the lower R 2 values. Table 6 lists the isotherm parameters (q m and K L from the Langmuir isotherm and 1/n and K f from the Freundlich isotherm) of SBA15 supported Ni 2 P and WP adsorbents. The q m values predicted by the Langmuir model are much higher than the experimental data. As a result, the Freundlich model is better to describe the adsorption of indole, carbazole and DBT. According to the value 1/n from the Freundlich isotherm, the order of the adsorption intensity towards both adsorbents is indole > DBT > carbazole. Adsorption affinity, represented by K L , is another important factor for a sorbent. The adsorption affinity of carbazole towards both adsorbents appears the lowest among the nitrogen model compounds. These results also explain the low adsorption capacity for carbazole. Model oils composing of simple compounds may not provide a whole picture about the adsorption performance of the adsorbents in complex situations. Thus, the isotherm study was conducted to LCO in order to determine a isotherm model suitable for a real oil for both Ni 2 P/SBA15 and WP/SBA15, and to evaluate how the adsorption process is affected by the complexity of LCO. The assumption used in the kinetic study, that LCO is treated as an oil containing single nitrogen or sulfur component, is also applied to the study of isotherm. Again, the Langmuir and Freundlich isotherms were used to fit the adsorption data for the nitrogen-and sulfur-containing compounds from LCO. Results indicate that not the Langmuir model but the Freundlich model is appropriate to describe the adsorption process, which suggests that multi-layer adsorption takes place for the adsorption of nitrogen-and sulfurcontaining compounds. As only neutral compounds exist in LCO (see Table 1 ), the complexity of feed oil does not affect the adsorption type by changing the surface homogeneity. The Freundlich parameters of LCO adsorption for both adsorbents are listed in Table 7 . The values of 1/n for nitrogen adsorption on Ni 2 P/SBA15 and WP/SBA15 are between 0 and 1, displaying a good sorption intensity and heterogeneous adsorption system (Hamissa et al. 2008) . The values of 1/n for sulfur adsorption on Ni 2 P/ SBA15 and WP/SBA15 are greater than 1, indicating the cooperative adsorption (Rauf et al. 2009 ).
Conclusions
The mechanism of adsorption for model nitrogen-and sulfur-containing compounds as well as LCO was evaluated. The results evidenced that the adsorption of nitrogen-and sulfur-containing compounds on Ni 2 P/SBA15 and WP/SBA15 is closely associated with the molecular size of adsorbates. The kinetic results showed that the adsorption of model oils on both adsorbents is very fast and follows the pseudo second-order kinetics. Monolayer adsorption dominates quinoline removal by both Ni 2 P/ SBA15 and WP/SBA15. The complexity of feed oil does not influence the adsorption type and kicetics. Adsorption affinity study indicated that the SCCs of LCO follow the cooperative adsorption. 
